Tissue preparations. Rats were killed by cervical fracture, the abdomen was opened, and the kidneys removed and weighed.
Most enzyme estimations were performed on fresh tissue preparations, but some tissues were frozen at -70 C for l-3 weeks. The activities and the intracellular distribution of renal cortical enzymes were found not to be altered by freezing when fresh tissue samples were assayed and then assays were performed on samples from the same kidneys that had been frozen for 3 weeks. The kidneys were slit and a portion of the renal cortex removed, weighed, and homogenized in 20 vol of 50 mM Tris, 100 mM KCl, 1 mM EDTA, 5 mM MgClz, and 5 mM mercaptoethanol, pH 7.5, in a Kontes Dual1 grinder.
An aliquot of homogenate was taken for hexokinase assay and the remain- Samples were then heated for 20 min in boiling water; after cooling, 1.3 vol of 95 % ethanol were added, the samples mixed, heated to boiling, and chilled in ice for 1 hr to precipitate glycogen. Samples were centrifuged at 4 C for 30 min at 3,500 X g, the glycogen precipitates dissolved in 1 ml of water and reprecipitated with 1.3 ml of 95 % ethanol.
Following the second centrifugation, the glycogen precipitates were dried by air and resuspended in water. One-milliliter aliquots of these glycogen solutions were transferred to centrifuge tubes and 1 ml of 4 N HnSO4 was added. Tubes were heated for 150-180 min in a boiling water bath and then cooled to room temperature.
Two volumes of 2 N NaOH were added and 0.5 N phosphate buffer, pH 7.0, was used to bring the volume to 10 ml. Samples were filtered and glucose was assayed by the glucose oxidase method (Glucostat).
Standard curves from glycogen (Sigma Chemical Company) which had been treated in an identical fashion to the tissue extracts including digestion in KOH, precipitation with ethanol, hydrolysis with HzSO4, and resuspension in NaOH were used.
Protein concentrations. Protein concentrations were measured by the method of Lowry et al. (32) . Bovine serum albumin, dissolved in the homogenizing buffer used for the original sample, was used as a standard.
RESULTS
Body and organ weights. These age-matched animals had identical weights at the initiation of the study, but at sacrifice control rats weighed 358 & 8 g (mean =t SE, n = 42) whereas diabetic rats weighed 263 =t 9 g ( n = 33, P < 0.001).
Diabetes was accompanied by significant renal hypertrophy, and a positive linear correlation ( r = + 0.89, P < 0.001) was observed between kidney weight and blood glucose values in these diabetic rats. The total weight of both kidneys in 20 control rats was 2.6 =t 0.1 g (mean * SE) or =t 0.73 & 0.02 g/ 100 g rat weight, while kidney weights in 15 diabetic rats with a mean blood glucose value of 402 & 15 mg/lOO ml averaged 3.1 =t 0.1 g or 1.04 & 0.03 g/100 g rat weight (P vs. controls < 0.001).
Blood glucose and tissue glycogen concentrations. Blood glucose values in 23 control rats were 100 =t 2 mg/lOO ml (mean & SE).
The diabetic rats selected for enzyme comparisons (Tables  l-3 ) had blood glucose values above 400 mg/ 100 ml. Mean glucose values for these rats were 50'2 =t 14 mg/ 100 ml (n = 33, P < 0.001). R enal cortical glycogen concentrations were approximately 30-fold higher in these diabetic rats (1,545 =t 3 15 pg/g wet wt, n = 2 1) than in control animals (54 =t 2, n = 14, P < 0.001). On the other hand, liver glycogen was significantly lower in these diabetic rats, 9.8 =t 2.5 mg/g liver (n = 14), than in control animals, 62.2 =t 4.4 (n = 14, P < 0.01).
Renal cortical glycogen accumulation in diabetic rats tended to parallel the degree of hyperglycemia. In 24 diabetic rats with blood glucose values ranging from 156 to 640 mg/lOO ml there was a linear correlation between the blood glucose and renal cortical glycogen concentrations (r = + 0.42, P < 0.05).
Protein concentrations of renal cortex. Diabetic rats had lower protein concentrations in the homogenate and the supernatant fraction, whereas fasted rats had higher values in these two fractions than observed for renal cortex from control rats (Table  1) . Values for all enzyme activities except hexokinase are reported as specific activity (nmoles/min per mg protein).
However, enzyme activities expressed per gram wet weight were compared and are discussed in the results section.
GZycoZytic enzyme actiuities in renal cortex. Total hexokinase activity was only slightly increased in diabetic rats when compared with control animals, but there were significant alterations in the activities of the pellet and supernatant fractions (Table  1) . Diabetic rats had significantly lower hexokinase activity in the pellet fraction and significantly higher activity in the supernatant fraction. These changes were observed both when hexokinase activity was expressed per gram rena .1 cortex and as specific activity. As a result, the percentage of hexokinase activity in the supernatant greater than the supernatant percentage (59.8 zt 2.5 %, P < 0.02) in control rats. No significant alterations in total hexokinase activity or in the intracellular distribution of activity in renal cortex were observed when 72-hr fasted were compared with control rats. The diabetic state was associated with no significant change in phosphofructokinase activity (Table 2 ). Pyruvate kinase specific activity was significantly greater in diabetic than control animals as has been previously deported (16). The increase in pyruvate kinase activity per gram renal cortex, however, was slight and not statistically significant. NADPH-generating enzyme activities in renal cortex. Diabetes was associated with significant increases in the specific activities of G-6-P dehydrogenase and 6-P-G dehydrogenase (Table  2 ) but no significant alterations were observed in activities per gram renal cortex when diabetic and control rats were compared.
On the other hand, malic enzyme activity, another NADPH-generating enzyme, was significantly lower in renal cortex of diabetic rats, whether expressed as specific activity (Table  2) or as activity per gram renal cortex (P vs. controls < 0.001).
Gluconeogenic enzyme actiuzties in renal cortex. The diabetic state was associated with no significant alteration in fructose diphosphatase activity but supernatant PEP carboxykinase activity was twofold higher in a diabetic than control rats (Table  2) . PEP carboxykinase activity was largely confined to the supernatant fraction of renal cortex and only 9 % of total cellular activity was in the particulate fractions (see also ref. 2 1); diabetes produced no significant changes in particulate activity. On the other hand, pyruvate carboxylase was largely particulate-bound in renal cortex and only 7 % of total activity was in the supernatant fraction. Particulate pyruvate carboxylase activity per gram renal cortex was similar in diabetic and control rats while specific activity was significantly higher in the diabetics (Table  2) . Pyruvate carboxylase activity in the supernatant fractions was identical in diabetic and control rats. Correlation between renal cortical enzyme activities and blood pH and blood glucose. Animals with blood pH values above 7.3 had slightly higher hexokinase, pyruvate kinase, and G-6-P dehydrogenase specific activities than did the rats with lower pH values (Table 3) . Thus, the significant increase in specific activities of these enzymes (Tables 1 and 2) could not be related specifically to the acidosis in these animals. Blood Pco:! values in 11 of these diabetic rats with pH values of 7.26 & 0.04 ( mean ZJZ SE) were 36.0 =t 3.7 mm Hg while PCO~ values in 8 of these control rats with pH values of 7.42 =t 0.02 (P vs. diabetic < 0.01) were 41.9 & 1.8 (NS). When the specific activities of these renal cortical enzymes were compared with blood pH and Pcoz values, no significant correlations were observed. In sharp contrast, the decrease in malic enzyme specific activity showed a significant linear correlation with the decrease in blood pH ( r = + 0.60, P < 0.05, n = 12), but enzyme activity was not correlated with blood Pcoz values. In addition, diabetic rats with blood pH values below 7.3 had significantly lower values for renal cortical malic enzyme.
Since a negative linear correlation between blood pH and the degree of hyperglycemia in diabetic rats was observed (r = -0.67, P < 0.005, n = 16), we examined correlations between enzyme specific activities and blood glucose values. There were no significant correlations between hyperglycemia and hexokinase, pyruvate kinase, and G-6-P dehydrogenase activities in renal cortex. However, decreases in malic enzyme activity in diabetic rats were correlated, in a linear manner, with increases in blood glucose values (r = -0.66, P < 0.001, n = 26). Of the gluconeogenic enzymes, only soluble PEP carboxykinase activity was correlated, in a positive linear fashion, with the severity of the hyperglycemia in diabetic animals (r = + 0.70, P < 0.002, n = 45).
Comparisons of enzyme activities in renal cortex, her, and jejunal mucosa. Distinct patterns of enzyme responses were observed for each of these tissues (Fig. 1) . Diabetic rats had significantly lower hepatic activities of the important, ratelimiting enzymes of glycolysis, namely, hexokinase, phosphofructokinase, and pyruvate kinase. In sharp contrast, the activities of these enzymes were similar or significantly higher in renal cortex and jejunal mucosa of diabetic rats. After a 72-hr fast the activities of these enzymes in liver and jejunal mucosa were significantly lower than values for control rats, whereas renal cortical activities of hexokinase and pyruvate kinase were similar in fasted and control rats.
Three reactions of the supernatant fraction, those catalyzed by G-6-P dehydrogenase, 6-P-G dehydrogenase, and malic enzyme, are considered to be important sources for the NADPH generated in the cytosol of mammalian tissues (49), and it has been suggested that these enzymes might function as a coordinated group (37). In renal cortex, however, malic enzyme activity behaved differently than reported for other tissues in that diabetes produces significant increases in G-6-P dehydrogenase and 6-P-G dehydrogenase specific activities, whereas malic enzyme activity was significantly lower than control values. In addition, fasting was associated with a significant decrease in G-6-P dehydrogenase activity whereas malic enzyme activity was similar to control values. On the other hand, the changes observed in the aerobic glycolytic enzyme activities, G-6-P dehydrogenase and 6-P-G dehydrogenase, were very similar to those noted for the three anaerobic glycolytic enzymes in response to diabetes and fasting inall three tissues studied.
PEP carboxykinase was the only gluconeogenic enzyme which was significantly increased in both liver and kidney of diabetic animals.
The increase in PEP carboxykinase activity showed an excellent linear correlation with the degree of hyperglycemia in both liver (35) and renal cortex (vide supra). This activity in these two tissues of the same diabetic animals were closely correlated (r = + .81, P < 0.005, n = 23). Jejunal mucosa also contains significant levels of activities for the important gluconeogenic enzymes (1,6), but in sharp contrast to renal cortex and liver, jejunal mucosal activity for PEP carboxykinase was not increased by diabetes. On the other hand, after a 7%hr fast jejunal PEP carboxykinase activity was twofold higher than in control animals.
DISCUSSION
The diabetic state is accompanied by renal hypertrophy and by significant alterations in glycogen content and the specific activities of several glycolytic, NADPH-generating, and gluconeogenic enzyme activities.
The renal hypertrophy we observed is similar to that reported by others (40, 44) and is closely correlated with the degree of hyperglycemia.
The metabolic acidosis observed in these diabetic rats may also have contributed to the renal hypertrophy (3 1).
Glycogen accumulation in the renal tubules of diabetic patients has been recognized for almost a century (17). Studies in diabetic rats (7, 17, 22, 39) suggest, as do our data, that the renal accumulation of glycogen is related to the degree of hyperglycemia and presumably to the amount of glycosuria. l The marked increase in renal cortical gly- (24, 42, 48, 52, 53 ) have led to the suggestion that malic enzyme is the specific enzyme supplying NADPH for fatty acid synthesis. Thus, the reduction in malic enzyme activity in renal cortex of diabetic rats is consistent with reductions in liver (42, 52) and adipose tissue (53) and may reflect a decrease in fatty acid synthesis. On the other hand, the normal to 'increased levels of activity for the pentose phosphate pathway dehydrogenases observed in renal cortex of diabetic rats strongly suggests that other factors are operating to regulate the level of activities for the G-6-P and the 6-P-G dehydrogenases. Since the pentose phosphate pathway generates precursors for nucleic acid synthesis, the level of activities for these enzymes may be related to the observed renal hypertrophy.
Consistent with this suggestion are the studies (18, 19) which indicate that the activities of the pentose phosphate dehydrogenases are increased in association with renal hypertrophy per se. Although the activities of renal cortical pentose phosphate dehydrogenases also are increased by induced acidosis (18, 3 I), we were unable to demonstrate significant correlations between the activities of these enzymes and blood pH in these diabetic rats.
An increase in the rate of gluconeogenesis in renal cortical slices (15, 20, 47) suggests that the rate of renal gluconeogen)sis is correlated with the severity of the diabetes. Thus, our data and that of previous workers (15, 20, 33, 40, 44, 47) / The jejunal mucosal metabolism of glucose also was perturbed in diabetic and fasted rats. These alterations, however, were uniquely different from those observed for renal cortex or liver. Diabetes is associated with increased glycogen content (5), increased glycolytic and pentose phosphate pathway enzyme specific activities, and with a slight increase in the glycolytic rate (5) of jejunal mucosa. The increased glycogen content and enzyme activities in jejunal mucosa resemble the changes noted in renal cortex of diabetic rats. These concomitant changes may be related to the fact that both tissues are increased in weight (49) and that both tissues, which share similar transport functions, are presented with increased amounts of glucose for transport in the diabetic state. Hepatic glycogen content and glycolytic enzyme activities, however, were reduced in diabetic animals. In contrast to the diabetic state, fasting produced reductions in the glycolytic and pentose phosphate pathway enzyme specific activities in all three tissues, with significant changes being observed in liver and jejunal mucosa. In addition, while diabetes was associated with significant increases in PEP carboxykinase activity in renal cortex and liver, no changes were observed in jejunal mucosal activity. These observations differ from those noted with fasting where PEP carboxykinase activity was significantly increased in both jejunal mucosa and liver. Thus our data suggest that diabetes does not alter the rate of gluconeogenesis, whereas fasting is associated with a significant increase in gluconeogenesis in jejunal mucosa; these observations con trast with those for liver where both condi-tions increase gluconeogenic rates and enzyme activities 
